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Abstract

This paper presents results from a current experimental program whose aim is to determine quantitatively the photochemical evolution
organic molecules present or likely to be present in comets. Particularly, this includes the mechanisms involved in the degradation of hic
molecular weight compounds in cometary ices and dust, when they are submitted to photon bombardment in the surrounding area of t
sun. Photodegradation of polyoxymethylene (-€8-), is studied at 122, 147 and 193 nm. Experimental setup and analytical methods are
presented (FTIR, GC-MS). We have identified the main gaseous photodegradation products of polyoxymeth@ien€® HCOOH,

CO;,, CHzOH, CH;OCHO, CHOCH3;OCHz and GHgOs (trioxane). We have determined the production quantum yields for formaldehyde
(@122 ni=0.75+£0.21,P1471r=0.96+0.19) and formic acid®122 n=0.13+0.05,P147 nni=0.26+0.10), and roughly estimated the yields

for the other compounds. Such data, that were missing to interpret astronomical observations of comets, are now available for furth
theoretical studies. We also propose mechanisms involved in the production of these molecules from polyoxymethylene. © 2000 Elsevi
Science S.A. All rights reserved.
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1. Introduction purities which absorb UV photons and induce the degrada-
tion. It is initiated by the absorption of a UV photon which
The degradation of molecules in solid state exposed to leads to a homolysis of the molecule and the production of
energetic photons is complex and far from fully understood. smaller chains, including gaseous compounds. Such a chem-
We have developed an experimental set-up designed to studystry results from a competition between initiation, propaga-
the photodegradation of high molecular weight compounds tion and termination steps of mechanisms involving radicals
in the mid and far UV. The aim of our program is to bring (see Rabek [2] for a description of polymer photodegrada-
a better understanding of the physico-chemical processedion). The photo-oxidative degradation, i.e. in the presence
involved in the transformation of solid organic materials into of molecular oxygen, is rather well documented for many
smaller gaseous molecules. polymers. It has direct applications on the study of materi-
Molecules in solid state, especially polymers, can be de- als ageing in the Earths atmosphere. Less is known about
graded by energetic radiations. A degradation induced by photodegradation processes under vacuum, especially in the
energetic photons or particles (gamma rays, protons, elec-far UV, whose applications are a matter for space or plane-
trons) with an energy greater than the bond strengths istological investigations.
calledradiolysis Far UV photons could be classified in the  The first molecule that we have studied is Polyoxymethy-
same category, but their energy is often too low to ion- lene (POM: (-CH-O-),) at 122, 147 and 193nm. This
ize organic molecules. In this case, one talks ahuha- work has been undertaken in the frame of the preparation
todegradation[1]. Photodegradation processes are strongly of the ROSETTA mission (European Space Agency), which
depending on experimental conditions: presence or absencavill be launched in 2003 to study the gaseous and the solid
of molecular oxygen, nature of chromophores and/or im- phase of comet P/Wirtanen in 2010.
Although more than 20 parent molecules have already
* Corresponding author. Fax:33-1-45-17-15-64. been detected in the gaseous phase of comets [3] (i.e. stable
E-mail addresscottin@lisa.univ-paris12.fr (H. Cottin) molecules supposed to come directly from the nucleus, in
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opposition with daughter molecules, which are mainly ions 2. Experimental
and radicals produced in the cometary atmosphere (called
the coma by photodissociation of parent compounds), there  We have developed a reactor in which solid molecules
is no direct information on the chemical composition of the can be irradiated, at a controlled temperature, in the far UV
nucleus. Nevertheless, it is now quite obvious, from obser- and in pressure conditions close to the cometary environ-
vation and laboratory simulations, that the cometary nucleus ment. Gaseous molecules produced are analyzed by differ-
may contain high molecular weight organics, which cannot ent and complementary methods: direct mass spectroscopy
be detected by remote sensing spectroscopy, because the{MS), infrared spectroscopy (FTIR) and gas chromatogra-
vapor pressure is too low for observation techniques, allow- phy coupled to a mass spectrometer (GC-MS). Our experi-
ing mainly to explore the gaseous phase of the comet (seemental setup (see Fig. 1) is called S.E.M.A.Ph.Or.E. Comé-
Cottin [4] for a review on this subject). Only gaseous degra- taire (A french acronym: Simulation Experimentale et Mod-
dation products of these molecules could be detected by re-¢lisation Appliquées aux PHénoménes ORganiques dans
mote observations. I'Environnement Cométaire).

Observations with a high spatial resolution have shown
that the density profile in the coma of some compounds is 5 1  photochemical reactors
different from the one expected with a molecule directly
ejected from the nucleus: in this case, one talks about an Two reactors, made of Pyrex, have been used for our
extended sourcelhis is the case for CO in several comets

analysis. Both of them are equipped with a vacuum stopcock
[5—7] and for the formaldehyde @€0O) in comet Halley [8], Y dutpp P

I . Kutak 4 Hal leading to the analysis system and another connection to a
as we "’lls n comhetls Hya UI? e [9] an ia eI)Bopp [10]. secondary vacuum pump (Turbomolecular pump, Balzers).
S|r'1ce po yoxyme't yiene, a polymer of_>E|O,. asbeenten-  qpg pressure is measured in the reactor by a Baratron sensor
tatively detected in comet Halley [11], and is produced dur- \\.q 627a-01TDC (range, 10°~1 mb). A vacuum better

ing some laboratory simulations of cometary ices [12], it is than 10 mb can be reached during pumping. One reactor
often evoked as a parent molecule of formaldehyde 10 €x- g\ 5o for the determination of the lamp flux by chemical

plain that exte(rjlded skc])urce by photo- or ther_mal degr"j‘d""t'_‘lmactinometry: it is deeper than the second one, and thus allows
[86|13’1S’]' Toh aée, t gre. Wan no quantltatlve. Sth y avail- 5 longer optical path for the UV to be absorbed by the
able about the degradation of POM, preventing from any actinometer gas. The other reactor has a double wall for

modeling of such a phenomenon to conclude whether POM o, 1ation of a thermostated liquid necessary to operate at
may be responsible for those unexpectegCB density a constant temperature

profiles.
Indeed, there are only few data concerning polyoxymethy-
lene degradation in condition relevant to cometary environ-

ment. To date, most of the studies are only concerned with ) .
photo-oxidative degradation of POM, leading to the pro- _ e have used commercial polyoxymethylene (>99.5%,

duction of molecules such as CO, EBCOOH, CH, and Prolabo, France). The polymer .is deposited gt the bottom
CaHs [2]. But chemical mechanisms, products and reaction of the thermostated reactor and |rr§1d|ated at different wave-
yields might be very far from what we are expecting with- lengths after_ se\_/eral_da_lys of pumping. Its temperature is set
out molecular oxygen. According to Rabek [2], photodegra- &t 298 K during irradiation.
dation under vacuum or in an inert atmosphere should only
produce HCO and some CO. This last molecule being only 2.3. Irradiation
secondary produced by 8O photochemistry. Irradiation
of POM under vacuum and for wavelengths below 200nm  The UV irradiation system is composed of a lamp filled
have already been reported [15]. This work concludes to thewith an appropriate gas or gas mixture according to the
formation of CO and KHCO in the gas phase (identified by emitted wavelength: 5.5mb H(2%) in He (>99.99%,
direct MS), while an infrared analysis of the solid irradiated Linde, France) for a 122 nm emission (Lyma); 0.3 mb Xe
residue reveals the presence of ester functions. This study(99.99%, Linde, France) for 147 nm, and 0.5 mb Q&%)
remains unfortunately qualitative, and has not been followed in He (>99.99%, Linde, France) for 193 nm. Discharge in
out to our knowledge. More is known about POM radiolysis. the lamp is initiated with a Tesla coil and the gas is excited
Under vacuum, the polymer irradiated by 1 MeV electrons, by a microwave generator (Somelec, France) with a power
produce several gaseous compoundsa€i,, CO, H,CO, of 200 W at 2450 MHz. The pressure of the gas in the lamp
CH3CHO, CH;OCHO, CHOCH,OCH;z, CH3OCH,OCHO is set at a level allowing to maintain a stable discharge.
and HO. The production yield of formaldehyde from the Titanium wires heated by an electric current can be used
polymer isGn,co=4+1 [16]. as efficient getters to purify Xenon during 147 nm exper-
In this paper, we present the experimental development,iments. In order to perform reproducible experiments, the
and the quantitative results we obtained concerning the pho-microwave cavity electrodes are adjusted so that the visible
todegradation of polyoxymethylene at 122, 147 and 193 nm. component of the plasma reaches the transmission window

2.2. Chemical
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Fig. 1. (a) Photochemical reactors and UV lamp; (b) experimental setup organization.

Cryothermostat (b)

of the lamp. Two different windows are used: MgFor The number of photons emitted by the lamp has then been
transmission of 122 and 147 nm UV, and Sifor 193 nm derived assumingbco,122nni=1 for the quantum yield of
(thickness: 2mm;®: 25mm, Sorem, France). The SIO  CO production from C@[19,20]. The UV spectrum of C©
window absorbs UV below 170 nm, and thus filters the other used to evaluate the fraction of the lamp flux absorbed by
atomic lines of C atom at 166 and 156 nm [17]. For each the actinometer is from [17]. We have performed an abso-
wavelength, the UV lamp flux is measured by chemical lute infrared CO calibration (>99.99%, Air Liquide, France).
actinometry. Actinometers have been chosen to be relevantThe value for the lamp flux obtained by this method is
of the irradiation conditions: significative cross section at 1o nni=(2.30+0. 64)x 10 photons s1.
the studied wavelength and simple photochemistry. Results The Xenon lamp flux X=147nm) has been esti-
are described and discussed in details in Cottin [18]. mated using DO (99%, Air Liquide, France) by an
The Lymana lamp flux =122 nm) has been estimated accurate pressure measurement during its photolysis.
using CQ (>99.99%, Linde, France) as an actinometer. From [20,21], the net production of molecules in the
The CO production during COphotolysis has been mea- 138-210nm range i$A,=1, resulting from a global reac-
sured with an infrared spectrometer (Perkin-Elmer 1710). tion that could be described by the following expression:
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2NoO+hv—(3/2)No+NO+(1/2)0, [17]. The reference  detector is a ion trap mass spectrometer (Finnigan-Varian),

UV spectrum that has been used fofNis also from [17]. ranging from 1 to 650amu, with a resolution of 1amu.
The valuef147 nni=(1.09:0.17)x 1016 photons s has been ~ The temperature programming for the column is 273K:
derived from this actinometry. 0-5min/273»333 K: 5-11 min/333 K: 11-20 min. Identifi-

The methane lamp fluxx&193 nm) has been estimated cation of products is based on both mass spectra and reten-
using ethylene (99.95%, AGA, France), whose one of the tion time measured after injection of standard compounds.
photolysis way at 193 nm isf€=CHy+hv—HC=CH+H>.

A value of ®y,=0.5 is recommended by [22] after an ex-

haustive review on this subject. According to the same re- 3. Results

view, our reference UV spectrum fonBy, is taken from ref

[23]. After irradiation, GH4 and GH> are trapped in lig-  3.1. Infrared results
uid nitrogen. Then, total pressure in the reactor gives us the

number of molecular hydrogen formed, and thus the num- A example of infrared spectrum obtained after a 7 h irra-
ber of photons emitted by the lamp and absort;ed by the giation of polyoxymethylene at 122 nm is shown on Fig. 2.
actinometer. For this lampos nn=(1.320.22)x 10 pho- Several molecules are detectediGO (formaldehyde: sig-

tonss* has been obtained. nature around 2800 and 1745cth), CO (carbon monox-
ide: signature between 2200 and 2000¢m CO, (car-
bon dioxide: signature between 2400 and 2200tand at

) ) ) 614 cml), HCOOH (formic acid: PQR signature centered
Chemical analysis of the gaseous phase resulting from ¢ 1105 cml), CHsOH (methanol: POR signature centered

the irradiation of the solid molecule has been carried out 4; 1033 cml), CHsOCHO (methyl formate: signature at

by direct MS, FTIR and GC-MS. Results obtained by direct 1755 ang 1209 cml). The same molecules are detected at
MS have already been presented and discussed in a previou$47 nm. Irradiations at 193 nm resulted in a very low pro-
paper [24]. In order to perform FTIR analysis, the photo- §ction of HCO along with traces of CO and HCOOH. For
chemical reactor is connected to a 4 aimospheric simula- this wavelength, thermal degradation of POM seems to be
tion chamber that has been developed in our laboratory [25]. the main observed mechanism because other photodegrada-
In the case of the S.E.M.A.Ph.Or.E. Cometaire experiment, 45, products were not detected (heating POM is the usual

the gaseous photodegradation products diffuse from the '®way to obtain pure HCO because commercial solutions of

actor to the chamber, where they can be analyzed thanksmaidehyde contain methanol to avoid polymerization of
to a multireflection infrared analysis system [26] (Bomem o molecule).

DA8-ME: optical path¢ni2—6?0 m; range, 600-4000¢m Quantum yields for the production 0bB0 and HCOOH
resolution, 64-0.013 cmt). Prior to an experiment, the in- 51 POM have been calculated, whereas rough estimation
terior of the chamber is emptied by pumping up to a vac- pave peen obtained for CO, G@nd CHOH. CHsOCHO

3 .
uum of about 10°mb. In the same time, the walls of the  js nroduced in such a small amount that it has not been
chamber are heated at about 310K to make desorption quuantitatively studied.

adsorbed molecules easier. Then, irradiations are performed

in an inert atmosphere of 2mb Helium (>99.99%, Alpha

Gaz, France) in order to avoid desorption of molecules re- 3.2. KCO
maining after pumping. ldentification and quantification of

different products are based on our own calibrations, per- 3.2.1. 122,””‘

formed at the same total pressure than the one of photodegra- SUccessive spectra have been collected to follow the pro-
dation experiments (2 mb He). The spectra of the resulting duction rate of formaldehyde. Evolution of its absorbance

1 . . B .
gaseous phase after POM irradiations have been carried ouf174° cnT7) is shown on Fig. 3. From these quantitative re-
using an optical pathway of 96 or 288 m, and a resolution sults, it is easy to derive the production rate of this gaseous
of 0.5¢cnT L. molecule from the polymeriiy,co/122 nm=number of pro-

The last analysis method used is GC-MS. In this case duced molecules/irradiation time). Nevertheless, rough re-
preconcentration of the gas sample resulting from irradi- sults have to be corrected because between its emission from

ations is required to allow the detection of photodegrada- the Polymer and the moment it enters the connection be-
tion products in very low amount. A cold trap (liquid ni- tween the reactor and the atmospheric chamber, a molecule

trogen) is connected to the reactor where experiments arec@n be photolysed. The possible primary photodissociation

performed under vacuum (1&mb at the beginning of the ~ Processes are [27]
irradiation). At the end of the experlment,. the trap is warmed H,CO+ v — CO+ Hap
up at room temperature and the resulting gaseous sample
is injected into a GC (Varian 3400), through an apolar col- H,cO+ hv — CO+ 2H
umn (MXT-1/Restek: internal diameter, 0.15mm; length,

30m; film thickness, 0.am; head pressure, 15psi). The HoCO+ hv — HCO+H

2.4. Analysis
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Fig. 2. Infrared spectrum of the gaseous phase after 7h of POM irradiation at 122 nm. Optical path: 288 m; resolutiont; (bblgmer temperature:

298 K.

The photolysis rate is given by

d|H,CO
% — _J|H,CO|

with a photolysis constait = [,o/®dx. Those param-
eters are function ok. A monochromatic emission from
the lamp is assumed where the cross section C®l at
the considered wavelength [2#=1.42x10~Y" cn?; lamp

H,CO
1745 cm!

1800 1700

1900
Wavenumber (cm-!)

Fig. 3. Formaldehyde appearance in the simulation chamber during UV
irradiation of POM. The graph present evolution of theQ® signature
intensity at 1745cm’ as a function of time.

flux 1=6.64x 10 s~1 cm~2; dissociation quantum yield,

that we consider as equal to one at this wavelength [27],
thenJ=9.43x10-3s~1. The amount of HCO destroyed is
proportional to its residence time)( under irradiation in
the reactorz=I/v wherel is the reactor’s length andthe
mean compound’s speed. If one considers molecular diffu-
sion, v=F/C whereF is H,CO flux (s 1cm2) andC the
concentration (cm3). F is measured at $CO entrance in
the simulation chamber, it is constant between the reactor
and the chamber apart from connection’s section variations.
Furthermore the concentration is measured in the simulation
chamber. Thus, to estimatein the reactor, we have to go
back to the mean concentration in the reactor using the first
Fick's law

aC F

9z D

D is the diffusion coefficient of formaldehyde in helium,
estimated with the following expression [28]:

» T (Mp + Mp)
MaMp

A and B are the two considered moleculethe total density
(cm~3), M the molar mass (gmot), s the collision cross
section ée=0.255 nm sH,co=0.37 nm) [29] (estimated for
H2CO). ThenDy,come~350cnt s, Thus, knowing the
geometry of our setup and the different connections, itis pos-
sible to estimate ~4 s, and that the percentage of formalde-
hyde destroyedJf) in the reactor is less than 4%.

The thermal degradation of POM has also to be consid-
ered. Indeed, the polymer is in equilibrium with formalde-
hyde (POM=nH,CO) [30]. Production of HCO from
POM by thermal degradation is very difficult to study
guantitatively. Nevertheless, its contribution during irra-
diations has to be estimated: it depends on the progress

_ 5.457x 10"
~ n(sa + )2

Dp/B
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Fig. 4. Production rate of formaldehyde from POM. (a) for two independent irradiation experiments at 122 nm; (b) three independent experimemts at 147

of the equilibrium, if it is studied under vacuum or in an methylene Vu,co/122 nmff122 nm):

Helium atmosphere, and with or without irradiation. Thus,

we have corrected our results by the formaldehyde pro- @H,co/122nm= 0.75+0.21

duction at 193nm for which we have estimated that the i

photodegradation contribution is negligible compared to As gxp(.acted., form_al-dehydelpro_ductllon by POM photodegra-

the thermal degradation (see Section 3.3.2). As formalde-dat'on is quite eff.|C|ent. This yield is lower tha}n thg value

hyde is the only compound produced by thermal degra- Grpco=4=1 obtained for 1 MeV electrons radiolysis [16],

dation of POM, such a correction is useless for the other which is consistent with the fact that energetic particles pen-

molecules. etrate_ deeper than UV photons, and are able to break more
We have performed two independent 122 nm irradiations, chemical bonds.

and the results, corrected by photochemistry and thermal

contribution, are presented on Fig. 4a. Then, the mean3.3. Influence of the wavelength

production rate derived isVh,co/122 nn=(1.73+0.48)x

10%s71. It is likely that the difference between the two 3.3.1. 147 nm

independent experiments is due to a variation of the lamp  Three independent irradiations at 147 nm have also been

flux. Indeed, such a variation is compatible with varia- performed. For these measurements, thermal contribution is

tion range of the flux estimated around the nominal value negligible compared to photodegradation because of the high

(f122 ni=(2.30£0.64)x 10*° photons 51, i.e. £28%). This flux of the Xenon lamp. Taking into account the formalde-

margin of error is kept to calculate the 122nm quan- hyde photodestruction rate with the following parame-

tum vyield of formaldehyde production from polyoxy- ters:o=6.74x10"18cn? [17,27], 1=3.16x10°s 1.cm™2,
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®=1, we obtainJ=0.021s1. The results are shown on Heoon

Fig. 4b. We obtainVi,co/147 nn=(1.06£0.21)x 1016s71,
Again, we can consider that the difference between the 0.2
independent experiments is a consequence of a variation
of the lamp flux in the estimated range around its nominal
value €147 nn=(1.09£0.17)x 106 photons s1).

OH,co/147nm= 0.96+0.19

Quantum yields for both wavelengths can be considered as
equal within the uncertainty range.

CH,OH
1033 cm!

"'\“«M,

rﬂ‘

‘ %MM
t,, W&

0.1~ oy

3.3.2. 193 nm

As already mentioned, only formaldehyde is produced in
noticeable amount at 193 nm, with traces of carbon monox-
ide and formic acid. As HCO cross section is negligible for
this wavelength [17,27], photodestruction of the molecule
in the irradiation reactor has not to be considered.

As the C—O bond strength in POM is about 500 kJmol
a photodissociation of the polymer for wavelengths beyond 1200 o 1000
190-200 nm, could not be envisaged without implication Wavelength (e
of impurities or photooxidative mechanisms [2]. Consider- Fig 5. Formic acid and methanol appearance in the simulation cham-
ing the small amount of formaldehyde produced at 193 nm, ber during UV irradiation of POM. The graph present evolution of the
and the absence of other quantifiable photodegradation com-HCOOH signature at 1105 cn and the CHOH signature at 1033 cnt
pounds, we made the hypothesis that thermal degradatiorfs @ function of time.
is predominant at this wavelength. The formaldehyde pro-

duction rate at this wavelength has been used to estimatesxplained by the low amount of formic acid measured by
the relative contribution of thermal- and photodegradation |RTF and quantified in the lower concentration range of our

at 122 and 147 nm. As €0 is the only thermal degrada-  calibration. For this concentration range, estimated uncer-
tion product of POM, traces of CO and HCOOH are never- tainty is about 40%. Thus, it is this last relative uncertainty

theless indicating that some photodegradation occurs. Thethat has been kept to estimate quantum yields:
production rate derived for 193 nm is an upper limit for the
thermal degradation of POM under UV irradiation at 298 K:  QHcoor/122nm= 0.13+ 0.05

Vh,c0/193 nm=(2.08+0.18)x 101451, On the contrary, if a 0 — 0134 0.10
dominant photodegradation is assumed, an upper limit for =~HCOOH/147nm="- '

the quantum yield can be calculatédi,co/193nm<0.16. Again, both results can be considered as equal within the
uncertainty range. Considering the extremely low amount

3.4. Other compounds of HCOOH detected at 193 nm, we just can derive:
QHCcoOoH/193 nn=¢.

3.4.1. HCOOH

HCOOH production has also been studied as a function 3.4.2. CO
of the wavelength. Evolution of its PQR signature centered  Results concerning CO production are extremely scattered
at 1105 cnt is shown on Fig. 5. Rough results have to be (Fig. 7) because the produced amount is at the level of its
corrected from photochemistry: detection limit. Nevertheless rough results have been pro-
cessed considering diffusion and photochemistry. It has only
been possible to quantify the 147 nm irradiations results.

products are bl CO and CQ [17] with o122 ni=1.2% CO4+ hv — Products
107 en?, 0147nm=2.1x10" cn? [31], P12/147nm=1,

HCOOH+ hv — Products

we calculatedJi22nn=8.0x10"3s1 and Ji47nn=6.6x Products are C§ C30, [17] with o147 nm=2x 108 cm?
10251, On the other handsqycoon=0.4nm is esti-  [17], ®=1 to calculate)=6x10"3s"1, sc0=0.37 nm [29]
mated from ref [29]. It allows us to calcula®ycoor/He to calculateDco/He~350.4 cn?s 1. As the residence time

~314cnfs ! and residence time of formic acid in is alsor~4s, photodestruction of CO is about 3% of its
the reactor:t~4s. Results are shown on Fig. 6 and production from POM, which is not significant compared
lead t0: VHcooH/122 nm=3.06x 1014+5.23x103s71 and to the dispersion of our results. Nevertheless, formaldehyde
Vhcoor/147nm=2.84x 101°£8.35x 10451, Relative un- photochemistry contribute to CO production according to
certainty is higher than formaldehyde results. This can be the following processes [17]:
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Fig. 6. Production rate of formic acid from POM. (a) For two independent irradiation experiments at 122 nm; (b) three independent experiments at 147 nir
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Table 1

Results obtained for each wavelength and molecule

Moleculei (nm) 122 147 193
H,CO 0.75£0.21 0.96:0.19 <0.16
HCOOH 0.13t0.05 0.26£0.10 e

CO Not estimated ~1 e

CO, Not estimated ~0.3 &
CH3OH ~0.05 ~0.05 e

H>CO+ hv — CO+ H»
H>CO+ hv — CO+ 2H
H,CO+ hv — HCO+H
H+HCO— Hy +CO

2HCO— 2CO+H;

1

1 l H,CO
=
30 |
g
2
g
Sos
g
£
£ 04
=]
a

HCOOH
02+
0

120 130 140 150 160 170 180 190 200
wavelength (nm)

210

Fig. 8. Quantum yield profiles as a function of the wavelength fe€&

and HCOOH according to our experimental measurements.
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Fig. 10. Evidence of the presence of trioxane from its characteristic mass
fragments at 61 and 89 amu.

Considering this chemical system, a production quantum
yield of CO from HCO of 1 is assumed. Then, net pro-
duction of CO from POM i&/co/147 nm=1.42x 1016£1.05x
1016571, i.e. 74% of relative uncertainty. Finall@co,147 nm
=1.3+0.9.

Such aresult, in spite of the large uncertainty, is important
because it shows that productions gfGO and CO by pho-
todegradation of POM have the same order of magnitude. It
rises the new idea that POM may also directly contribute to
the extended source of CO in comets.

3.4.3. CQ

An important experimental difficulty is encountered for
the quantification of C@ because of its presence (as an at-
mospheric compound) in the compartment between the sim-
ulation chamber and the infrared spectrometer. In spite of
a continuous nitrogen purge, we were not able to maintain
its concentration in the compartment at a constant level dur-
ing experiments of 5 to 8 h. Nevertheless, the evolution of
this concentration has been studied before starting an irradi-

RIC: 18541 Masses: 16-55

Range: 1 to 1208 1682 = 88781
o—
o
o’
T T T T
800 1680
13.33 16.66

Fig. 9. Chromatogram of the photodegradation products of POM after concentration in a cold trap.
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Fig. 11. Chemical mechanisms involved in the photodegradation of polyoxymethylene.

ation at 147 nm. By extrapolation during the experiment, a of total pressure at which our irradiation experiments are
rough estimation of its production rate by photodegradation performed, is 7 (saturation at low pressure). This method
of POM is possible. Quantification has been made with the yields Qco,/147 nn0.3.

667 cnm! band surface referring to a calibrated spectrum at

atmospheric pressure. Experimentally, we have calculated3.4.4. CHOH

that, for the same amount of GOthe surface ratio of the The concentration of methanol is generally too small to
614 cn1! band, between atmospheric pressure and the 2 mbpe measured with accuracy. Thus results are very scattered
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and allow only a rough estimation of its quantum yield at termination reactions, rather than a simple reaction such as:
122 and 147 nm one photon produces one molecule.

~ 0.05 .
OCHz0H/122 nm & 147 nm 4. Conclusion

3.4.5. Sum-up. In the frame of the cometary organic chemistry study and
Resul'gs ob_talned for each wavelength and molecule aréparticularly the preparation of the European Space Agency
summarized in Table 1. ROSETTA mission, we have developed an experimental
By extension, for HCO and HCCOH, we propose 10 geyp to study the photodegradation of high molecular
adopt profiles presented on Fig. 8. weight compounds in the vacuum UV. We have identified
the main gaseous degradation products of polyoxymethylene
3.4.6. GC-MS analysis by photodegradation, and calculated production quantum
A typical chromatogram obtained after concentration of yields for some of them. Such data were missing to inter-
photodegradation products in a cold trap is shown on Fig. 9. pret astronomical observations of a molecule likeC® in
Designated compounds have been identified from their comets and are now available for further theoretical studies.
mass spectrum and retention time of their peaks measuredrhis work is followed out into three directions:
after injection of the pure compound. We have detected e The study of other molecules to obtain fundamental
H,CO, CHCHO, CHOCH,OCH; (dimethoxymethane) physico-chemical data about their photodegradation.
and GOsHg (trioxane). Trioxane peak is almost in the Candidate compounds for such studies applied to comets
noise of the total mass chromatogram, but its detection is are hexamethylenetetraminezki2N4, HCN polymers,
obvious when its characteristic masses 61 and 89 amu are polycyclic aromatic hydrocarbons and amino acids. Ther-
specifically followed (Fig. 10). Furthermore, the later have  mal regulation of our reactor allows us also to study
the retention time that has been measured during calibration thermal degradation of these compounds.
of pure trioxane in our experimental conditions. CO was e Astronomical observations of molecules like dimethoxy-
not detected because it is not trapped in liquid nitrogen. The methane and trioxane that haven't yet been detected in
peak of the CQ produced in the experiment elutes together  comets and should be observed if POM is present.
with the peak produced by the action of the gas injector into e Theoretical simulations of the behavior of POM in
the column (operated by compressed LZAHCOOH and cometary atmospheres to answer to which extend its
CH3OH are not eluted on this column. Some peaks have presence could explain the observed formaldehyde ex-
not been identified, but according to the structure of the tended source. Publication of first applications of this
polymer and the identified photofragments, we can suspect study for comet Halley is in preparation (Cottin et al., in
the presence of molecules such as:30&@H;, CH3CHO, preparation).
CH30CH,CHO, CH;OCH,OH. Our experimental development and results, as described
above, have direct astrophysical applications, but may also
provide fundamental parameters, such as quantum yields of
production of gaseous compounds, concerning photodegra-
dation of any molecule in the solid state. Furthermore, the
identification of photofragments provides important clues
about mechanisms involved during the photodegradation.

3.5. Chemical mechanisms

Contrary to the statement formulated in Rabek [2],
formaldehyde is not the only photodegradation product of
polyoxymethylene. The diversity of products we observe is
close to the results presented in Fischer and Langbein by
radiolysis [16] and quoted in our introduction. On Fig. 11, Acknowledgements
chemical mechanisms leading to the formation of all our
detected compounds are proposed. Initiation, termination, This program is supported by grants from CNES (Cen-
copolymerization steps, anc,BO production are from ref  tre National d’Etudes Spatiales) and Programme National
[2,16]. CO and CQ@ productions have been drawn from de Planétologie de 'INSU (CNRS). Authors wish to thank
Roessler et al. [15], but we have corrected mechanisms andRégine Durand-Jolibois, Bénédicte Picquet and Patrick Car-
reactions formalism to be conform with polymer chemistry lier for their help on the atmospheric simulation chamber,
customs. For other products, we present new mechanismdavid Coscia for his support on the GC-MS, and Sandra
inspired from chemistry involved during polymers pho- Ramirez for the English correction of the manuscript.
todegradation as described in textbooks on that topic [2,32].
An important step for the production of CO, GAHCOOH
and CHOCHO, is the formation of a carbonyl group in the
polymer chain by combination of two adjacent radicals. [1] S.W. Shalaby, J. Polym. Sci.: Macromol. Rev. 14 (1979) 419-458.

Quantum yields measured in this study are the result of [2] 3F.  Rabek, Polymer Photodegradation: Mechanisms and
a complex competition between initiation, production and Experimental Methods, Chapman & Hall, London, 1995.
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